Activity-dependent gene transcription, including that of the brainderived neurotrophic factor (Bdnf) gene, has been implicated in various cognitive functions. We previously demonstrated that mutant mice with selective disruption of activity-dependent BDNF expression (BDNF-KIV mice) exhibit deficits in GABA-mediated inhibition in the prefrontal cortex (PFC). Here, we show that disruption of activity-dependent BDNF expression impairs BDNF-dependent late-phase long-term potentiation (L-LTP) in CA1, a site of hippocampal output to the PFC. Interestingly, early-phase LTP and conventional L-LTP induced by strong tetanic stimulation were completely normal in BDNF-KIV mice. In parallel, attenuation of activity-dependent BDNF expression significantly impairs spatial memory reversal and contextual memory extinction, two executive functions that require intact hippocampal-PFC circuitry. In contrast, spatial and contextual memory per se were not affected. Thus, activity-dependent BDNF expression in the hippocampus and PFC may contribute to cognitive and behavioral flexibility. These results suggest distinct roles for different forms of L-LTP and provide a link between activity-dependent BDNF expression and behavioral perseverance, a hallmark of several psychiatric disorders.
Activity-dependent gene transcription, including that of the brainderived neurotrophic factor (Bdnf) gene, has been implicated in various cognitive functions. We previously demonstrated that mutant mice with selective disruption of activity-dependent BDNF expression (BDNF-KIV mice) exhibit deficits in GABA-mediated inhibition in the prefrontal cortex (PFC). Here, we show that disruption of activity-dependent BDNF expression impairs BDNF-dependent late-phase long-term potentiation (L-LTP) in CA1, a site of hippocampal output to the PFC. Interestingly, early-phase LTP and conventional L-LTP induced by strong tetanic stimulation were completely normal in BDNF-KIV mice. In parallel, attenuation of activity-dependent BDNF expression significantly impairs spatial memory reversal and contextual memory extinction, two executive functions that require intact hippocampal-PFC circuitry. In contrast, spatial and contextual memory per se were not affected. Thus, activity-dependent BDNF expression in the hippocampus and PFC may contribute to cognitive and behavioral flexibility. These results suggest distinct roles for different forms of L-LTP and provide a link between activity-dependent BDNF expression and behavioral perseverance, a hallmark of several psychiatric disorders.
A ctivity-dependent gene expression is implicated in synaptic plasticity and cognition (1) . Long-term potentiation (LTP) can be divided into an early phase (E-LTP) lasting 1-2 h and a late phase (L-LTP) lasting hours to days. E-LTP can be expressed without new protein synthesis, but transcription and translation are required for L-LTP (2) . Tetanic stimulation inducing L-LTP triggers the transcription of numerous genes (3) . However, the gene products that convert high-frequency neuronal activity into longterm structural and functional changes remain unknown. Substantial evidence supports activity-dependent production of brain-derived neurotrophic factor (BDNF) as a key event mediating at least one form of L-LTP (4, 5) .
The increase in hippocampal Bdnf mRNA following theta burst stimulation (TBS) is correlated with the time course of L-LTP induction (6) (7) (8) . L-LTP is categorized as BDNF dependent (induced by TBS or cAMP) and BDNF independent (induced by strong tetanic stimulation). Bdnf deletion impairs BDNF-dependent (TBS-induced) but not BDNF-independent (multiple tetani-induced) L-LTP (9) . BDNF application converts E-LTP induced by weak TBS to L-LTP (4) . In VP16-CREB mice in which BDNF levels are elevated, L-LTP is induced by weak tetanic stimulation and is no longer dependent on protein synthesis (3) . When translation is blocked, hippocampal BDNF application reverses TBS-induced L-LTP deficits (4) . We hypothesized that activity-dependent BDNF expression is critical for long-term modification of hippocampal synapses.
The Bdnf gene contains at least nine promoters (10) , each driving transcription from an alternative 5′ untranslated exon spliced to a common 3′ exon encoding the preproBDNF protein (10) . Some promoters are sensitive to changes in neuronal activity; others are regulated by hormones or epigenetics (11) . We previously generated a mouse line (BDNF-KIV) in which promoter IV-dependent BDNF expression is completely disrupted (12) . Further analysis revealed that Bdnf transcription from promoters I, II, III, VI, and IXa also was reduced (13) . This hypomorphic activity results in modestly decreased levels of basal cortical BDNF and significantly diminished activity-induced BDNF (12, 13) .
Previous characterization revealed cellular phenotypes in prefrontal cortex (PFC): reduced parvalbumin (PV) immunoreactivity, impaired inhibitory synaptic transmission, and aberrant spike-timing-dependent plasticity (STDP) (12) . We characterized cellular phenotypes in the hippocampus and investigated the behavioral consequence of disrupting activity-dependent BDNF signaling. In addition to GABAergic deficits in PFC, BDNF-KIV mice exhibit selective impairment of BDNF-dependent but not BDNF-independent L-LTP in the hippocampus. In parallel, acquisition of hippocampal-dependent spatial and contextual memory induced by strong stimuli is intact, but memory reversal and extinction tasks dependent on hippocampal-PFC interactions are impaired.
Significance
The brain-derived neurotrophic factor (Bdnf) gene is expressed either constitutively or in an activity-dependent manner. Selective disruption of activity-dependent brain-derived neurotrophic factor protein expression (BDNF-KIV mice) results in specific deficits in GABAergic transmission in the prefrontal cortex (PFC) and a form of long-term synaptic plasticity in the hippocampus. Surprisingly, PFC-dependent working memory and hippocampus-dependent spatial and fear memory are normal. In contrast, BDNF-KIV mice exhibit pronounced behavioral perseverance, as reflected by impairments in spatial memory reversal and fear memory extinction. Thus, activitydependent BDNF expression in hippocampal-PFC circuits may play an important role in cognitive behavior in vivo. Our study also may shed light on the pathogenesis of several cognitive disorders in which perseverance is prominent, including schizophrenia and posttraumatic stress disorder.
Results

Impairment of Activity-Driven Expression of BDNF Protein in the
Hippocampus. We demonstrated previously that activity-driven BDNF expression is reduced in the BDNF-KIV PFC (12, 13) . Here we examined this phenotype in the hippocampus. First, we confirmed that kainic acid (KA) induced promoter IV-driven transcription: Bdnf exon IV-IX in WT mice (3.2-fold; P < 0.01; t test) and exon IV-GFP in BDNF-KIV mice (3.1-fold; P < 0.01; t test) (Fig. S1A) . Next, hippocampal BDNF protein levels were examined (Fig. S1B) . BDNF-KIV mice showed reductions in basal (53% reduction; P < 0.05; t test) and in KA-induced BDNF protein levels (62% reduction; P < 0.05; t test) but an induction ratio similar to that in WT mice (BDNF-KIV: 2.3-fold induction; WT: 2.8-fold induction; P = 0.42; t test). Region specificity was assessed by immunohistochemistry. In WT mice, KA increased BDNF expression throughout the hippocampus (Fig. 1A) . In BDNF-KIV mice, KA induced BDNF in the dentate gyrus (DG) and CA3, although to a lesser extent than in WT mice. In contrast, KA failed to increase BDNF in CA1 in BDNF-KIV mice. Analysis revealed a 2.6-fold increase in WT CA1 but no effect in BDNF-KIV CA1 (genotype effect: P < 0.05; KA effect: P < 0.05; KA-negative vs. KA-positive: WT, P < 0.05; KIV, P > 0.05; twoway ANOVA) (Fig. 1B) . Hence, activity-dependent induction of BDNF is nearly abolished in CA1.
Morphological and Physiological Characterization. BDNF-KIV hippocampi exhibited no gross morphological abnormalities. Nisslstained sections showed normal cytoarchitecture and cell density in the granule layer of the DG and pyramidal layers of CA1 and CA3 (Fig. S2A) . Immunohistochemistry for marker proteins showed normal dendritic morphology of CA1 pyramidal neurons (Fig. S2B) , normal astrocyte morphology (Fig. S2C) , and normal distribution of the postsynaptic marker GluR1 and presynaptic marker synaptophysin1 (Fig. S2 D and E) . Immunohistochemistry for interneuron markers revealed no difference in PV in the whole hippocampus (P = 0.65; t test) (Fig. S3B) , a small increase in calbindin (CB), and no difference in calretinin (CR) (CB: P < 0.05, t test; CR: P = 0.73; t test) (Fig. S3B) .
Because BDNF-KIV mice showed impaired postsynaptic inhibitory functions of the medial (m)PFC pyramidal neurons (12), we examined these functions in CA1. Unlike the findings in the mPFC, preliminary patch-clamp analyses revealed normal frequency and amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) in CA1 ( Fig. S4 C and D) . Spontaneous excitatory postsynaptic currents (sEPSCs) also were normal ( Fig.  S4 A and B) . Although STDP is aberrant in BDNF-KIV mPFC (12) , preliminary data suggest that STDP in the hippocampus is similar in WT and BDNFK-IV mice (Fig. S4E ).
Selective Impairment in BDNF-Dependent L-LTP at CA1 Synapses. We next examined the effects of activity-dependent BDNF expression on L-LTP. Three protocols were used. First, we used a 12x theta burst (12TBS) protocol, which induces BDNF-dependent L-LTP (9) . 12TBS reliably induced L-LTP that lasted >3 h in WT slices. In BDNF-KIV slices, 12TBS-induced potentiation lasted 2 h but declined rapidly to baseline [field excitatory postsynaptic potentials (fEPSPs) at 3 h after 12TBS application: 208 ± 27% in WT; 113 ± 15% in BDNF-KIV; P < 0.001] (Fig. 2A) . Second, we used forskolin perfusion (50 μM for 30 min), which also induces a BDNF-dependent form of L-LTP (9) . Forskolin elicited delayed synaptic potentiation lasting >3 h in WT but not in BDNF-KIV mice [ WT vs. KIV, P < 0.05; repeated measures (RM)-ANOVA] (Fig. 2B) . Finally, we used multiple tetani (four 1-s stimulations of 100 Hz, separated by 10 min), a strong stimulation protocol that induces BDNF-independent L-LTP (9) . Tetanic stimulation induced L-LTP in BDNF-KIV which was indistinguishable from that in WT (P = 0.45) (Fig. 2C) . These results indicate that disruption of activity-dependent BDNF signaling selectively impairs BDNF-dependent L-LTP. Because BDNF also is required for E-LTP (4), we examined the effect of activity-dependent BDNF signaling on E-LTP. We used a standard 100-Hz tetanus train of 1-s duration, which induces E-LTP but not L-LTP (4, 9). E-LTP was almost identical in WT and BDNF-KIV (Fig. 2D) , indicating that activity-dependent BDNF expression is selectively required for L-LTP but not E-LTP.
We also performed experiments to characterize CA1 plasticity better. Input-output curves generated by plotting fEPSP slopes against corresponding presynaptic volleys showed no differences between genotypes (Fig. S5A) , suggesting normal basal synaptic transmission. Paired-pulse facilitation (PPF) is a form of plasticity in which the response to the second of two stimuli with a given interpulse interval is higher than the response to the first stimulus (14) . PPF was normal in BDNF-KIV slices (P = 0.96) (Fig. 2E ) but was decreased in slices from conventional BDNF-KO mice (15) . BDNF regulates the synaptic response to a brief train of high-frequency stimulation (HFS; 100 Hz, 100 pulses), a form of short-term plasticity that reflects the size of the presynaptic readily releasable pool of synaptic vesicles (16, 17) . The synaptic response to HFS in BDNF-KIV mice was identical to that in WT mice (P = 0.79) (Fig. 2F) . Synaptic response to a train of repetitive low-frequency stimulation (14 Hz, 300 pulses) also was identical in the two genotypes, suggesting a normal reserve pool of synaptic vesicles (Fig. S5B) . Thus, unlike conventional BDNF-KO mice, BDNF-KIV mice do not exhibit impairments in E-LTP, PPF, or synaptic response to HFS at CA1 synapses.
Normal Performance in Water Maze and Fear Conditioning Task.
Because BDNF-KIV animals showed a deficit in L-LTP, we examined hippocampal-dependent memory. We first examined sensorimotor functions using the dowel test, suspended wire test, vertical pole test, rotarod test, and visual cliff assay. No differences in performance were observed (Fig. S6 A-E), suggesting that sensorimotor functions were intact. We next tested spatial memory in the Morris Water Maze (MWM). Mice were trained (three trials/d for 9 d) to find a hidden platform. During each trial, the mouse was placed randomly into one of four quadrants and was allowed 1 min to locate the platform. Surprisingly, there were no differences between genotypes (P = 0.72; RM-ANOVA) (Fig. S7A) . Next, we conducted a probe test in which the platform was removed and the time the mouse spent in each quadrant during a single 60-s trial was recorded. We performed the test 2 h, 24 h, and 7 d after the final hidden platform training. Both WT and BDNF-KIV mice spent more time in the platform quadrant (P < 0.005; one-way ANOVA) with no difference between genotypes (WT vs. KIV: 2 h, P = 0.23; 24 h, P = 0.86; 7 d, P = 0.90; t tests) (Fig. S7B) .
We next assessed fear memory. Animals were trained first to associate a foot shock with the conditioning chamber (contextual) and a tone (cue). They were returned to the same chamber or to a different chamber in which they heard the same tone, and freezing behavior was measured. Three sets of animals were used to assess memory retention at 2 h, 24 h, or 7 d after training. WT and BDNF-KIV mice showed similar freezing behavior in response to context (2 h, P = 0.42; 24 h, P = 0.34; 7 d; P = 0.73; t test) ( Fig. S7C ) and cue (P = 0.77; 24 h, P = 0.83; 7 d; P = 0.62; t test) (Fig. S7D) , indicating intact short-and long-term fear memory. Remote fear memory tested 36 d after fear conditioning also was intact (P = 0.89; t test) ( Fig. S7 E and F).
Normal Spatial Working Memory. Both the PFC and the hippocampus are implicated in spatial working memory (WM) (18) . We assessed spatial WM using a spontaneous alternating T-maze test (Fig. S8A ) in which the mouse made a choice at each trial based on previous decisions (19) . No significant difference was seen between genotypes (P = 0.89; t test) (Fig. S8A , Left) or in total latency for the test (P = 0.84; t test) (Fig. S8B , Right).
Impaired Reversal Learning. We next examined reversal learning in a "local cue" version of the MWM (20, 21) . The modified MWM uses a taxon system, i.e., the use of local cues and repeated relatively fixed motor movements (20) (21) (22) . Mice are placed into the pool from a fixed location so they learn to navigate using local cues. In this task, both WT and BDNF-KIV mice quickly found the platform location (latency ∼one-half of the latency in the conventional MWM) with no genotype effect (P = 0.66; RM-ANOVA) (Fig. 3A) . Five days after acquisition, a probe test was conducted. No difference in the time spent in any quadrant was detected between genotypes ( Fig. S7G ). Together, these results suggest that BDNF-KIV mice acquire and retain both spatial and local cue memory normally. We next tested reversal learning. The position of the platform was changed from the northwest to the northeast quadrant, and on day 13 mice were guided to the platform, where they remained for 15 s after each trial. On day 14, navigation to the relocated platform was assessed. BDNF-KIV mice exhibited longer latencies than WT mice (P < 0.05; RM-ANOVA) ( Fig. 3A ) and spent more time in the quadrant where the hidden platform previously had been located (P < 0.05; t test) ( Fig. 3 B and C) . However, BDNF-KIV mice found the new platform location on the next day with latencies similar to those of WT mice (P > 0.05; RM-ANOVA) (Fig. 3A) . These data indicate that BDNF-KIV mice are slower to adapt but do learn with adequate training.
Impairment in Memory Extinction. Impaired reversal learning in BDNF-KIV mice suggests behavioral inflexibility. To determine further the impact of activity-dependent BDNF expression in perseveration, we examined the extinction of contextual fear memory (23, 24) , a process requiring transcription and translation in the PFC and hippocampus (25, 26) . After conditioning, mice were returned to the same chamber without receiving a foot shock for four trials at 2-h intervals. No difference in freezing was found between genotypes during the first three trials (genotype-trial interaction: P < 0.005, P > 0.05 at 2 h, 4 h, and 6 h; RM-ANOVA) ( Fig. 4A ). At the fourth extinction trial, 8 h postconditioning, freezing behavior continued to diminish in WT but not in BDNF-KIV mice (8 h: P < 0.01; RM-ANOVA) (Fig.  4A) . In a separate experiment, extinction was tested daily; mice were placed in the same chamber without receiving foot shocks at 24-h intervals for 4 d. In WT mice freezing behavior was reduced >50% by day 3. In contrast, BDNF-KIV mice continued to freeze (genotype effect: P < 0.0005; day 1: P > 0.05; day 2: P > 0.05; day 3: P < 0.05; day 4: P < 0.01) (Fig. 4A ). These results suggest that activity-dependent BDNF expression is required to consolidate the extinction of contextual fear. We also examined the extinction of cued fear. Mice first underwent fear conditioning consisting of tone-foot shock pairings. Then mice were placed in a new chamber, and the tone was delivered without shock. Extinction training was repeated every 2 h for 5 d. (Fig. 4B) . These results indicate that BDNF-KIV mice retain short-term fear extinction but may be inefficient in long-term fear extinction. Finally, we determined whether the extinction deficit extends to conditioned taste aversion (CTA), a process that involves the mPFC (27, 28) and hippocampus (29, 30) . Animals were offered a sweetened solution during a pretraining trial (trial 1: P = 0.52; t test) (Fig. 4C) . The following day (trial 2), the sweetened solution was offered, and LiCl was administered to facilitate taste aversion. The sweetened solution was offered 24 h later, and both genotypes showed aversion (trial 3: P = 0.51; t test). Extinction trials were performed every 24 h for 5 d; BDNF-KIV mice showed slower CTA extinction than WT mice (genotype effect: P < 0.0001; P > 0.05 between genotypes at trials 1-4; P < 0.05 at trials 5-8; RM-ANOVA) (Fig. 4C ).
Reduced Neuronal Activity in the mPFC after Fear Extinction Training.
To determine the anatomical basis of the extinction deficit, we assessed neuronal activation following extinction training using c-fos labeling. WT and BDNF-KIV mice underwent contextual fear conditioning, and 24 h later animals were exposed to the same context during a 30-min extinction trial. They were returned to their home cage for 90 min. Then mice were killed, and the brains were processed for c-fos immunohistochemistry. No differences between genotypes were observed in the DG (P = 0.85; t test) (Fig.  5A ), CA1 (P = 0.79; t test) (Fig. 5B ), CA3 (P = 0.11; t test) (Fig.  5C ), or basolateral amygdala (P = 0.16; t test) (Fig. 5D) . However, c-fos-positive cells were markedly reduced in the mPFC of BDNF-KIV mice (P = 0.01; t test) (Fig. 5E) . These results support a model in which deficient mPFC activation contributes to the observed impairment in the extinction of fear memory.
Discussion
Although induction of BDNF after activity is well described, its in vivo function remains unclear (11) . We have made several discoveries using a mutant mouse in which activity-dependent BDNF expression is disrupted (BDNF-KIV) (12, 13) . First, BDNF-KIV mice lack TBS-and forskolin-induced L-LTP but not tetanus-induced L-LTP. Second, disrupting activity-dependent BDNF does not alter the acquisition or consolidation of hippocampal-dependent spatial and contextual memories. This finding is surprising because reduction of basal BDNF expression has been shown to impair hippocampal-dependent learning and memory (31) (32) (33) (34) . Thus, our results underscore the distinct functions of constitutive versus activity-dependent BDNF expression. Using a variety of tests, we revealed that disrupting activitydependent BDNF expression leads to deficits in cognitive flexibility.
Previously, we showed that BDNF-KIV mice displayed reduced PV immunoreactivity, reduced frequency and amplitude of IPSCs, and aberrant STDP in the PFC (12) . PV interneuron deficits and GABAergic transmission also were observed in mutant barrel cortex (35) . Here, we show that hippocampal GABAergic transmission and STDP are normal in BDNF-KIV mice. Thus, activity-dependent BDNF expression affects GABAergic synapses in CA1 and the PFC differently. In WT animals, STDP is prominent during early development but gradually diminishes in both the hippocampus and the PFC (36, 37) . The adult PFC shows no STDP, but some remains in the adult hippocampus (12, 36) , likely because GABAergic inhibition is more pronounced in the PFC than in the hippocampus [inhibition of GABAergic transmission by bicuculline completely unmasks STDP in the adult PFC (12) ]. The differences in effects on GABAergic transmission in the hippocampus versus the PFC in BDNF-KIV animals also may reflect differences in how the mutation affects the development of GABAergic synapses in the hippocampus versus the PFC. This possibility is underscored by differences in basal BDNF protein levels observed over the course of neural development in WT versus BDNFK-IV hippocampi and PFC (Fig. S1 C and D) . More extensive biochemical and electrophysiological experiments over development will help clarify these issues. Deficits in BDNF regulation of PV interneurons in the PFC may contribute to WM impairment in schizophrenia (38) : Patients exhibit WM impairments as well as reduced BDNF and PV expression (39), PFC interneurons are activated during the delay period of WM tasks (40) , and infusion of GABA antagonists to the PFC impairs WM (41). However, BDNF-KIV mice exhibit no major deficits in spatial WM, despite reduction in PV immunofluorescence and deficits in PFC GABAergic transmission (12) . Human subjects carrying the Met allele of the BDNF Val66Met polymorphism, which affects activity-dependent BDNF secretion, also exhibited normal WM (42, 43) . Thus, in addition to the reduced expression/secretion of activity-dependent BDNF, other factors may be necessary to elicit WM deficits. Fig. 4 . Deficits in extinction of fear memory. (A) Selective deficits in the extinction of contextual memory. After association of context and foot shock was established, mice were returned to the same chamber for 5 min with no shock at 2-h intervals for short-term memory extinction (Left) (n = 8 pairs) or every day for long-term memory extinction (Right) (n = 10 pairs). BDNF-KIV mice failed to extinguish long-term fear memory. (B) Extinction of short-and longterm cue memory in BDNF-KIV mice. After an association between cue and foot shock was established, mice were brought to a new chamber where they were presented with the same cue but received no shock every 2 h for 5 d (n = 8 pairs). BDNF-KIV mice showed freezing levels similar to those of WT mice on days 1-4 but showed higher levels on day 5. (C) Deficit in extinction of CTA. After 30-min exposure to sweetened milk, animals of both genotypes were injected with LiCl to induce CTA. WT mice gradually extinguished CTA, but BDNF-KIV animals failed to extinguish CTA (n = 12 pairs). *P < 0.05; **P < 0.01. Although conventional BDNF-KO mice exhibit deficits in synaptic response to HFS leading to reduced E-LTP (15), such deficits were not observed in BDNF-KIV mice. Instead, they exhibit selective impairment in TBS-and forskolin-induced L-LTP, without affecting strong tetanus-induced L-LTP, a cellular correlate of long-term memory. BDNF-KIV mice acquire hippocampaldependent memory in the MWM and contextual fear conditioning normally but exhibit impaired cognitive flexibility as reflected by deficits in reversal learning and memory extinction. Given the wellestablished role of BDNF in cognition, these findings were surprising. Two points should be considered when interpreting these results. First, unlike other BDNF mutant lines, basal BDNF levels in BDNF-KIV mice are not altered dramatically, suggesting that hippocampal-dependent spatial and contextual fear memories may be more sensitive to changes in basal BDNF. Second, there was a selective impairment in BDNF-dependent L-LTP but not in tetanus-induced BDNF-independent L-LTP. These results suggest distinct roles for different forms of hippocampal L-LTP: BDNF-independent L-LTP is required for hippocampaldependent memory, whereas BDNF-dependent L-LTP together with GABAergic functions in the PFC for behavior flexibility.
Impaired reversal learning as well as delayed initiation and deficits in response inhibition in the passive avoidance test (44) in BDNF-KIV mice are reminiscent of the slow adaption to rule changes and difficulty in inhibiting previously learned responses in patients with schizophrenia or PFC damage (45, 46) . Although spatial memory acquisition depends critically on the hippocampus, response learning in a taxon system also requires intact PFC function (21) . Spatial information generated in the hippocampus is relayed to the PFC via the CA1-subicular-PFC projection (47, 48) . Because disruption of this circuit may lead to impairments in reversal learning (49, 50) , it is important to determine whether the observed deficit in TBS-induced L-LTP impedes the effective transfer of information from CA1 to the PFC in BDNF-KIV mice. To accomplish the reversal task, animals must inhibit the previously acquired association and learn the new location. Impairments in the BDNF-KIV PFC inhibitory system (12) may contribute to deficits in suppressing previously learned associations. Hence, activity-driven BDNF expression may influence behavioral flexibility by controlling the flow of information from the hippocampal CA1 to the PFC and/or regulating PFC inhibitory networks. Future experiments should examine whether a disrupted CA1-to-PFC information flow is linked causally to the deficits observed in BDNF-KIV animals.
Despite deficits on the first day (day 14) of the reversal test, BDNF-KIV mice showed no difference the next day (day 15), indicating that they are trainable but that learning is delayed. Successful reversal learning using repetitive training in BDNF-KIV mice may be achieved through BDNF-independent L-LTP and/or the induction of BDNF expression via alternative promoters. Reduced hippocampal BDNF levels in BDNF-KIV mice can be normalized by 3 wk of enriched environment treatment (51), suggesting that augmenting BDNF signaling could be a viable treatment option. BDNF-KIV mice showed impaired fear extinction, another form of behavioral inflexibility. The PFC and hippocampus are key structures in extinction circuitry (23, 24, 31) ; input to the PFC from the hippocampus is required to suppress fear responses after extinction training (52) (53) (54) . Extinction of conditioned fear is an active process requiring gene transcription and protein synthesis (25, 26) . Evidence suggests that BDNF is required for cued fear extinction, particularly in the amygdala-PFC-hippocampus circuits (55, 56) . However, the normal extinction of short-term cue fear in BDNF-KIV mice suggests that short-term extinction of cued memory does not require activity-dependent BDNF expression but may be dependent on constitutive BDNF (Fig. 4B) .
Fear extinction is mediated by circuits that include the hippocampus and the PFC (57, 58) . Disruption of activity-driven BDNF expression prevented the extinction of fear memory (Fig.  4A) but not its acquisition (Fig. S6C) and resulted in impaired TBS-induced L-LTP at CA1 (Fig. 2A) , the site of efferent projections to PFC (47, 48) . During recall of contextual memory extinction, BDNF-KIV mice exhibit reduced PFC activation compared to WT animals ( Fig. 5 E and F) . In the PFC, disruption of activity-driven BDNF expression also resulted in deficits in PV interneuron function, GABAergic transmission, and STDP (12) . Although it is tempting to speculate that there is a causal connection between the CA1 L-LTP deficit and the selective effect on contextual extinction, this connection is not yet established. Future experiments will need to demonstrate the extinction deficit when promoter IV activity in CA1 is selectively inhibited and rescue of the phenotype when promoter IV activity is selectively enhanced in CA1. Finally, the acquisition of CTA was normal in BDNF-KIV mice, but its extinction was impaired (Fig. 4C) . Although CTA extinction is attributed primarily to cortical regions, including the PFC (59), studies have indicated that hippocampal lesions slow CTA extinction (29, 30) , suggesting a potential interaction between the hippocampus and the PFC. Recent studies also suggested that the hippocampus participates in consolidating CTA extinction (60) . Thus, as in the extinction of contextual fear, the extinction of CTA also may involve hippocampus-PFC information transfer.
Materials and Methods
Animals. Age-matched (2-to 6-mo-old) male WT and BDNF-KIV mice (15) were maintained under a 12:12-h light-dark cycle. Procedures were performed in accordance with the guidelines set forth by the National Institutes of Health Animal Care and Use Committee in the Guide for the Care and Use of Laboratory Animals (61).
Local Cue MWM Test. Mice were released from a fixed location relative to the platform. Local (<1 m) visual cues were placed near the pool, and the experimenter also remained in the same location as a local cue. For the visible platform task, mice were given four training trials/d (30-s interval) for 2 d by sequentially placing the visible platform in each quadrant. Mice remained on the platform for 30 s and 15 s on the first and second days of training, respectively. For hidden platform training, the platform was placed in northwest quadrant, and mice entered the southwest quadrant. If a mouse failed to reach the platform within 60 s, it was placed on the platform for 5 s. Mice were given four training trials/d (30-s intervals) for 4 d. A probe test was conducted 5d later to examine memory retention. The hidden platform was removed, and the time in each quadrant was measured for 60 s. To test reversal, the hidden platform was moved to the northeast quadrant on day 13, and mice were trained to find the platform. Those unable to find the platform were guided to it and left there for 15 s. On days 14 and 15 mice were tested for their ability to find the hidden platform in the new location.
Fear Memory Extinction. Mice were placed in a conditioning chamber pairing foot shocks (four shocks of 0.5 mA, each lasting 1 s) with context and an auditory cue. They returned to the same chamber for 5 min without a shock, and the time spent freezing was measured. This process was repeated four times using different training intervals. Mice were returned to the chamber every 2 h for 8 h after conditioning to test short-term memory extinction or every day for 4 d after conditioning to test long-term memory extinction. To test cued memory extinction, mice were exposed to conditioning with a tone and then were placed in a novel environment, and the same tone was given over a 2-min period without shocks. Extinction training was repeated four times/d at different trial intervals (2, 4, 6 , and 8 h after conditioning) for 5d.
Conditioned Taste Aversion. For pretraining each mouse was offered sweetened milk solution for 15 min. Consumption was measured, and the procedure was repeated after 3 h. After confirming consumption, animals were administered 0.3 M LiCl (300 mg/kg) i.p. to induce gastrointestinal discomfort. Every 24 h for 5 d, animals were presented the sweetened milk for 30 min, and consumption was measured.
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Sakata et al. 10 .1073/pnas.1222872110 SI Materials and Methods Kainic Acid Treatment. Kainic acid (Sigma) was administered i.p. at 30 mg/kg in 0.9% NaCl. The behavior of mice was monitored continuously over the next 3-6 h. Within the first hour after injection, all animals developed seizures evolving into recurrent generalized convulsions. These mice were killed at 3 h or 6 h after the injection, and their brains were used for RT-PCR, Western blotting, or immunohistochemistry, as described below.
Brain-Derived Neurotrophic Factor ELISA. Age-matched WT mice and mice with selective disruption of activity-dependent brainderived neurotrophic factor (BDNF) expression (BDNF-KIV mice) injected or not injected with kainic acid were killed by deep anesthesia. The hippocampus from each mouse was homogenized by sonification in homogenization buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 10 μg/mL aprotinin, 1 μg/mL leupeptine, 1 μg/mL pepstatine, and 1 mM PMSF], followed by centrifugation for 5 min at 12,000 × g at 4°C. The supernatants were collected, and their protein concentrations were measured by BioRad assay (Bio-Rad Laboratories). BDNF protein levels were determined by ELISA (BDNF immunoassay system; Promega) according to the manufacturer's instructions. The data were normalized to the total soluble protein in each sample, and the data were expressed as the mean ± SE.
Histology and Immunohistochemistry. Mice were anesthetized with 50 mg/kg pentobarbital and were transcardially perfused (4% paraformaldehyde, 2% (wt/vol) picric acid, 0.1 M phosphate buffer, pH 7.2). Brains were postfixed for 2 h, cryoprotected in 30% (wt/vol) sucrose, and cut coronally on a microtome with a freezing stage at 40 μm. Free-floating sections were washed with TBS-T wash buffer [10 mM Tris·HCl (pH 7.4), 150 mM NaCl, and 0.025% (vol/vol) Tween 20], incubated with 0.3% H 2 O 2 in methanol and then with TBS blocking buffer [10% (vol/ vol) normal goat serum, 1% BSA, and 0.3% Triton X-100] for 2 h. BDNF signal was detected using Vector ABC (Vector Laboratories) as follows: anti-BDNF antibody (1: 200, kindly provided by Xinfu Zhou, University of South Australia, Australia) at 4°C overnight; biotinylated anti-rabbit IgG (1: 200) for 2 h at room temperature; ABC complex (1 h); diaminobenzidine (DAB) (timed by monitoring under microscope). Immunofluorescence staining was performed for other proteins using Vector kits with the following primary antibodies: MAP2 (1:500) (m9942; Sigma); GFAP (1:500) (Chemicon); glutamate receptor 1 (GluR1) (1:500) (MAB1596; Chemicon); synaptophysin (1:500) (ab14692; Abcam); parvalbumin (1:500) (AB9312; Chemicon), calbindin (1:1,000) (AB9481; Abcam); calretinin (1:1,000) (AB5404; Chemicon); GAD67 (1:500) (MAB5406; Chemicon); and c-fos (1:1,000) (PC38; Calbiochem). Immunoreactivities were detected by Cy3-conjugated anti-mouse antibody, or FITC-conjugated anti-rabbit (1:200) (Jackson). For c-fos immunohistochemistry, sections were rinsed in PBS/0.5% Tween-20, incubated for 2 h at room temperature with biotinylated goat anti-rabbit secondary antibody (Vector Laboratories). Endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide for 30 min. The HRP-DAB reaction was carried out using an avidin/ biotin peroxidase complex (VectaStain ABC Kit; Vector Laboratories). Sections were incubated in ABC for 1 h and in DABcobalt (Sigma) for 3 min. They then were mounted on SuperFrost-Plus-treated slides (Fisher Scientific), air-dried, Nissl stained, dehydrated with alcohol rinses, cleared with CitriSolv (Fisher Scientific), and coverslipped with Permount (Fisher Scientific). Density per area of staining was measured using Image J software (National Institutes of Health). Immunofluorescence was analyzed using a Nikon Eclipse 800 Fluorescent Microscope and StereoInvestigator Stereology 8.0 Software (MicrobrightField). In brief, the observed brain regions were traced in three to seven systematically sampled sections (480 m apart), and positive cell bodies were counted manually. Cell densities were calculated as cells per cubic millimeter.
Field Recording of Hippocampal Slices. Hippocampal slices (400 μm) were prepared, and slices were maintained in an interface chamber for recovery (2 h). For recording, slices were perfused with 34°C artificial cerebrospinal fluid (ACSF) (95%O 2 /5% CO 2 , 124 mM NaCl, 3.0 mM KCl, 2.5 mM CaCl 2 , 1.5 mM MgCl 2 , 26 mM NaHCO 3 , 1.25 mM KH 2 PO 4 , 10 mM glucose, and 2 mM ascorbic acid, pH 7.4) at 15 mL/h. Field excitatory postsynaptic potentials were evoked in CA1 stratum radiatum by stimulation of Schaffer collaterals with twisted bipolar nichrome electrodes and were recorded with ACSF-filled glass pipettes (<5 MΩ) using Axoclamp-2B amplifiers. Electrophysiological properties of synapses were tested after a stable baseline was established for at least 30 min. Only slices exhibiting maximum excitatory postsynaptic potentials (EPSPs) >5 mV in amplitude without superimposed population spikes were used. Stimulus intensity was adjusted to evoke EPSPs of ∼1.3 mV to ensure sufficient room for potentiation. Basal synaptic transmission was measured by stimulating afferent fibers at various intensities and by plotting the fiber volley against the slopes of EPSPs. Pairedpulse facilitation at different interpulse intervals (10-100 ms) was measured by the ratio of the second EPSP slope to the first EPSP slope. Synaptic responses to high-frequency stimulation (HFS; 40 stimuli at 100 Hz) and prolonged low-frequency stimulation (LFS; 300 stimuli at 12.5 Hz) were measured in the presence of the NMDA receptor antagonist D(-)-2 amino-5-phosphonovaleric acid (D-APV; 100 M). Early-phase long-term potentiation was induced by a single tetanus train (1 s, 100 Hz). Late-phase long-term potentiation was induced by the following three protocols: (i) four-train tetanus: four 1-s tetanus trains at 100 Hz separated by 5 min; (ii) standard theta burst stimulation (TBS): 12 bursts, each contains four pulses at 100 Hz with an interburst interval of 200 ms); (iii) perfusion of forskolin (50 M) in ACSF for 30 min.
Whole-Cell Recording. Hippocampal slices (300 μm) were prepared from 6-to 10-wk-old BDNF-KIV mice and age-matched WT littermates, in accordance with National Institutes of Health guidelines. Brain slices were cut using a VF-200 tissue slicer (Precisionary Instruments) in a buffer that consisted of (in mM) sucrose 200; NaHCO 3 26; glucose 10; H 2 PO 4 1.25; KCl 3; MgCl 2 3; and CaCl 2 1. Slices then were transferred to a holding chamber for ∼1 h to recover in modified ACSF that contained (in mM) NaCl 125; NaHCO 3 26; glucose 10; H 2 PO 4 1.25; KCl 3; MgCl 2 1.2; and CaCl 2 2.4, bubbled with carbogen gas (95% O 2 /5% CO 2 ). This composition of ACSF was used for storage during recovery and for perfusion during all experiments.
Whole-cell recordings were performed at 31-34°C and were made using an Axopatch 200B amplifier (Axon Instruments), sampled at 10 kHz, digitized by a DigiData 1322A, and later analyzed off-line by either ClampFit (Axon software) or MiniAnalysis (Synaptosoft software). The magnitude and timing of extracellular stimulation and whole-cell current injection were controlled with a Master-8 stimulator. Monopolar stimulation was administered via a silver wire housed in an ACSF-filled glass electrode (1-2 MΩ) placed in the Schaffer collaterals. Wholecell patch pipettes with resistances ranging from 3-7 MΩ were pulled using standard borosilicate capillaries by an upright PB-7 electrode puller (Narishige). Three different intracellular solutions were used for the whole-cell experiments. For measurements of spontaneous excitatory postsynaptic currents (sEPSC), the solution contained (in mM) Cs-gluconate 125; CsCl 20; NaCl 10; MgATP 2; Na 2 GTP 0.3; EGTA 0.2; Hepes 10; QX-314 2.5. For recordings of spontaneous inhibitory postsynaptic currents (sIPSC), an elevated chloride intracellular solution was used that contained (in mM) CsCl 2 134; NaCl 4; MgATP 2; Na 2 GTP 0.5; Na 2 phosphocreatine 5; EGTA 1; Hepes 10. For EPSP recordings during spike-timing-dependent potentiation experiments, the solution contained (in mM) K-gluconate 130; KCl 10; MgATP 2; Na 2 GTP 0.2; Na 2 phosphocreatine 5; EGTA 0.5; Hepes 10. For all intracellular solutions, the pH and osmolarity were adjusted to 7.2-7.3 and 290-300 mOsm, respectively.
For spike-timing-dependent experiments, whole-cell patch recordings were made from CA1 pyramidal neurons under currentclamp mode with monosynaptic EPSPs evoked every 15 s using an extracellular stimulation electrode positioned in the Schaffer collaterals. The initial slope of the evoked EPSP was used as an index of synaptic strength. All evoked EPSP responses were normalized to the mean baseline control (at least 20 consecutive sweeps). During the conditioning period, pairing of presynapticpostsynaptic stimulation (Δ 5 ms) was repeated 50 times with a 7-s interpairing interval. Throughout all experiments, cell input resistance was monitored by applying a hyperpolarizing pulse (10 pA, 100 ms). Any experiments with changes greater than 20% were excluded. For all electrophysiology experiments, data are displayed as mean ± SEM with P < 0.05 indicating statistical significance.
All pharmacological drugs were bath applied through gravity perfusion. Stock solutions were stored at −20°C and were diluted to the proper concentration before each experiment. The NMDA receptor antagonist D-APV (50 μM) and the AMPA receptor antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 μM) were obtained from Sigma-RBI.
Contextual and Auditory-Cue Fear Conditioning. Briefly, each mouse was placed in the conditioning chamber inside a sound-attenuated box (San Diego Instruments) for 2 min, after which a tone (2,800 Hz, 85 dB, 30 s) (CS) was played. The final second of the CS was paired with a 0.5-mA foot shock. This procedure was repeated four times before the mouse was returned to its home cage. Mice were divided into three groups and tested for memory retention at 2 h, 24 h, or 7 d. For contextual memory, mice were placed back into the same conditioning chamber, and retention of contextual fear was assessed by measuring freezing behavior every 10 s over 5 min. The frequency of freezing was calculated as total freezing time/total testing time (5 min). For the auditory-cue test, mice were placed in a new chamber. After a 2-min habituation period, the same CS tone was played for 2 min, and the extent of freezing was assessed.
Morris Water Maze Test. The water maze consisted of a circular pool (diameter: 1.2 m) filled with opaque water (22°C) placed in a quiet room with several distant visual cues (∼2 m from the pool edges). A 14 × 14 cm stationary platform was placed either above or hidden 1 cm below the water surface. The mouse was placed randomly in one of four quadrants facing the wall and was allowed to swim for 60 s, during which time the experimenter was hidden from the animal's view. A hidden platform was placed in the middle of the northwest quadrant, and mice were trained for 9 d with three trials/d with a 30-s interval between trials. Swimming trajectories were captured by a video camera. Whenever a mouse failed to reach the platform within 60 s, it was guided to the platform and placed there for 5 s. Probe tests were conducted 2 h, 24 h, and 7 d after the last training with the invisible platform. The hidden platform was removed, and the time the mouse spent swimming in each quadrant was measured during a single 60-s trial. After swimming, mice were kept dry in a holding cage filled with paper towels.
Continuous Alternation T-Maze. The continuous alternation T-maze test included an initial forced trial and six choice trials. The mouse was placed in a start box, and one of the arms was blocked. The door of the start box was opened after 10 s. Exploration time was measured as latency from the opening of the start box until the mouse reached the end of the start arm. Once the mouse had explored the open goal arm, the door was closed. The mouse was kept in the start box for 10 s. During this time the block was removed from the arm, leaving both arms open, so that the mouse could freely choose either arm. Then the start box door was opened. Once the mouse had chosen an arm, the other arm was blocked. When the mouse returned to the start box, the mouse was confined for 10 s; then the block was removed. This process was repeated five additional times for total of six choice trials. Animals were scored on total latency on the trials and percentage of continuous alterations.
Other Behavior Tests. Dowel test. The mouse was placed in the center of a horizontal dowel (2.5 cm diameter), and the time before it walked off the dowel (total length: 32 cm) was measured with a maximum allowed time of 2 min. Suspended wire test. The mouse was suspended on the top of a wire cage lid. The lid was shaken lightly and then was turned upside down. The upside-down lid was held at a height 20 cm above the cage litter. The time before the mouse fell off was recorded with a maximum cutoff time of 1 min. Vertical pole test. The mouse was placed onto one end of a horizontal pole (diameter: 1.9 cm; length: 43 cm) covered with cloth tape. Then the pole was shifted slowly to a vertical position, and the time the mouse remained on the pole was scored. Rotating rod test. The mouse was placed on an accelerating rotarod apparatus. Each trial lasted for a maximum of 5 min, during which the rod accelerated linearly from 4 to 40 rpm. The time the mouse remained on the rod was recorded for each trial. ) with a clear Perspex bottom was positioned on the edge of a laboratory bench so that half of its base sat directly on the bench and the other half was suspended 1 m above the ground, creating a visual cliff. A mouse was placed at the edge of the cliff, and its activity was monitored for 5 min by a video camera. The time that the mouse spent in the bench and open (suspended) sides of the box was measured and expressed as percentages of total time in the box.
Statistical Analysis. Comparisons between two genotypes were made using an unpaired Student t test, as indicated in the text. ANOVA was used for multiple variables, and, when warranted, post hoc Bonferroni multiple comparisons were carried out. Data are presented as means ± SEM. Statistical significance was set at *P ≤ 0.05 and **P ≤ 0.01. After a 10-s delay, the mouse was allowed to choose either arm in the choice run. Without reward and driven by curiosity, mice usually select the previously unvisited arm. (B) Intact spontaneous alternation in BDNF-KIV mice. Mutant and WT mice exhibited similar levels of alteration in arm choice. There was no difference in total latency in the T-maze test, indicating that exploration activity on this task was similar in BDNF-KIV and WT mice (n = 20 mice of each genotype).
